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Abstract 
The objectives of the Geocarbone-Integrity program are to develop techniques, methodologies and knowledge concerning the 
long term confinement of CO2 in geological storage. Linked to other French programs such as Geocarbone Injectivity or Picoref, 
it is an integrated approach involving geochemistry, petrophysics, geology and geomechanics. Different scales must be 
considered in order to describe caprocks: from the pore or grain scale in petrophysics and geochemistry, to regional scale in 
geology and geomechanics.  The program focused on a specific site of the Paris basin but the methodologies developed are 
general and can be applied elsewhere.  
     
At large scales, caprock formation were described using sismic and log data. They were available on the St Martin de Bossenay 
depleted oil field and the Dogger caprock was mainly studied. These data were compiled and analyzed in order to obtain the 
variation of thickness and detect possible discontinuities. At small scale, the identification of geological facies and the origin of 
the low porosity and permeability in terms of sedimentology and diagenesis is necessary. For clayey caprocks, the amount and 
type of clay is important and for tight carbonate formation, dolomitisation is a key element. The key petrophysical parameters are 
the entry pressure, permeability and diffusivity. Very low permeabilities, smaller than microDarcy's, are difficult to evaluate 
using standard techniques and the results can vary by up to one order of magnitude depending on the method used. For the 
formation considered, a low permeability transition zone, the measured entry pressures were too low to prevent the CO2
migration. Finally, diffusivity of dissolved CO2 was also evaluated: there is a decrease typically of a factor of 20 compared to 
bulk diffusivity, despite very low permeabilities. 
When injecting CO2, mechanical constraints are generated in both the storage and caprock formations, and the bottom of the 
caprock can be affected by geochemical reactions. The effect of the increase of pressure on the stress field has been evaluated 
and the possibility of fault and fracture generation or reactivation is small for the injection conditions considered. At the 
laboratory, elastic moduli have been measured before and after alteration of caprock samples and very small effects were 
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observed. From the geochemical point of view, the alteration by CO2 has been studied on two types of formation, either 
dominated by clays or by carbonate. Some reaction paths have been identified from the experiments performed at elevated 
temperature and pressure conditions (80/150 °C, 150 bar) during long periods of time (3 to 6 months). Finally reactive transport 
simulations were performed to assess the speed and extend of CO2 migration in an idealized homogeneous caprock. Considering 
different situations and all key parameters (diffusion, reaction, entry pressure, two phase transport), the results show that the CO2
migrates a few meters during one thousand years, and that the porosity mostly decreases by precipitation, and increases very 
locally at the base of the caprock by dissolution.   
© 2010 Elsevier Ltd. All rights reserved 
Keywords: Caprocks;   
1. Introduction 
Carbon Capture and Sequestration (CCS) is one of the many solutions to limit the current global warming [1]. In 
2005, the newly formed French funding agency ANR decided to launch a mixed academia-industry research 
program focusing on CCS. One of these programs is dedicated to the study of the sealing efficiency of formations 
above the storage (caprocks), called Geocarbone-Integrity (ANR-05-CO2-006), bringing together 10 French partners 
with very varied technical knowledge (see list of authors). The main objective of the program (1/2006 to 12/2008) is 
the development of experimental and numerical methodologies to assess the integrity of underground CO2 storage 
on various scales.  
Caprocks are essentially defined as low (μD, 10-18 m2) or very low (nD, 10-21 m2) permeability formations, and 
sometimes, but not necessarily, with low porosity (<15%). Caprocks are generally viewed as hermetic layers above 
the storage into which no CO2 should migrate. However, there is some evidence from natural gas fields [2, 3] 
containing CO2 that migration occurs over geological time scales without significant impact. The approach taken 
here is to study such a possibility and hence the problem is rather to estimate how slow and how far the migration of 
CO2 into the caprock formations will be, and to study various scenarios in which different transport property values 
are used.  
Different mechanisms for CO2 migration are possible, from small to large scales: (i) molecular diffusion of 
dissolved CO2 in the pore water from the reservoir zone into the caprock formation, (ii) CO2 diphasic flow after 
capillary breakthrough, (iii) CO2 flow through existing open fractures. The following mechanisms can accelerate or 
slow down the migration: (i) chemical alteration of the mineralogical assemblage of the caprock formation under the 
influence of acid water, (ii) re-opening of pre-existing fractures or micro-cracks induced by overpressure of the 
reservoir below, (iii) a combination of the above (chemical alteration of the mineral filling the fractures). 
Most of the techniques and methodologies used for studying hydrocarbon reservoirs or aquifers can be used for 
caprocks. On large scales, seismic data, logging data and well-to-well correlation techniques can give an indication 
of the lateral continuity and thickness of the caprock formation. Major faults can be detected using seismic data, 
while small-scale fractures can be identified using well-bore imaging techniques. For petrographical and 
petrophysical properties, advanced techniques are necessary. For example, low permeability measurements are 
difficult and time-consuming to perform using standard steady-state techniques, and other techniques must be used 
[4]. Similarly, standard thin sections for petrographical observations give limited information and Scanning Electron 
Microscopy (SEM) must be used. For the chemical reactivity and geomechanical properties, standard techniques can 
be used but over an extended period of time.             
   
The project was organized into 6 work packages comprising: (i) a geological description on a regional scale 
focusing on the St Martin de Bossenay depleted oil field, and a detailed petrographical analysis of caprock samples 
[5],  (ii) a petrophysical characterization of caprock samples including diffusion measurements [4, 6], and a study of 
the contact angle to evidence wettability changes [7, 8], (iii) the measurements of geomechanical properties before 
and after alteration by CO2 [9], and a methodology to predict the onset of a fracture network preexisting in the 
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caprock formations, (iv) the study of the reactivity of three caprock formations [10, 11, 12] and (v) large-scale 
hydromechanical [13] and reactive transport simulations [14].   
Figure 1 : Result of the interpolation between wells to determine the quality of the Callovo-Oxfordian clayey formation above the Dogger 
formation (from reference 5). The right scale is calibrated between 0 = GRmin and 100 = GRmax. The thick lines indicate the available seismic 
profiles, while thin lines indicate the formation thickness. The SMB field is located approximately at the crossing of the NS02 and EW02 seismic 
lines. The inset indicates the Picoref area. The lack of available wells does not allow a reliable interpolation in the south part of the picture. 
2. Large scale description 
On large scales, we are interested by the variations in thickness of the caprock formation, and the lateral changes 
in facies. This information can be provided by logging data and seismic and lithoseismic information. In the present 
project, we focus on the Saint Martin de Bossenay (SMB) field as an example of how such information can be 
gathered from existing data. For clay-rich formations, a key logging data is the gamma ray (GR), a well-known 
indicator of clays. Since this data has been and is still acquired systematically, it is largely available even in very old 
wells. After the identification of the formation on the well logs, a mean of the clay indicator of the formation can be 
calculated at each well. Then, a 3D interpolation is performed. The results are indicated in Figure 1 in the case of the 
SMB field. In the case presented here, the trapping efficiency of the caprock formation does not have to be proven 
because a hydrocarbon reservoir is present. For the zone considered, raw Gamma-ray data show good clay qualities 
for the Callovo-Oxfordian formation just above the Dogger aquifer. The best clays are found in the North-West and 
the thickness varies globally from about 200 down to 100 m. However, it is obvious that such an interpolation 
between distant wells may not detect sudden changes or fractures. For this purpose, seismic profiles originally 
designed to reveal hydrocarbon reservoirs were reanalyzed to focus on the caprock. In addition, for a few wells on 
the NS02 line (Figure 1), P-wave sonic and density logs were available, making possible a lithoseismic 
interpretation, i.e. a translation of seismic impedance into facies. It was found that the classical lithoseismic 
interpretation usually performed for reservoirs was also applicable to caprock in this case. In general, the results 
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show that lateral changes observed continuously with seismic information at a reasonably high resolution were very 
smooth and that sparse local characterizations available at each well could reasonably be interpolated, giving a 
reliable map of thickness as shown in Figure 1.  
Finally, hydraulic and geochemical arguments can also be used to evidence the lack of exchange across a 
caprock. For example, in the framework of nuclear waste problems, water movements have been studied in the Bure 
Area. The Callovo-Oxfordian caprock formation is sandwiched between the Oxfordian and Dogger formations. In 
these two formations, hydraulic charges, isotopic water composition and flow direction are very different and 
provide convincing arguments in favor of the efficiency of the Callovo-Oxfordian caprock to limit vertical 
exchanges over geological time scales [5]. 
3. Small scale description: petrography and petrophysical properties 
3.1. Petrography and mineralogy 
The knowledge of mineralogy is an important aspect. For quantitative analysis and visualizations, various 
methods can be used such as X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), Transmission 
Electron Microscopy (TEM), etc. Standard thin section visualizations are not very useful in general because typical 
length scales in caprocks are below 0.1 μm. The caprock of the SMB area contains a significant amount of 
carbonates (about 50%) beside clays, and therefore, the microstructure is quite complex. Interestingly, the 
mineralogical composition does not vary very much either vertically or horizontally (the sample from the Bure area 
is from the same Callovo-Oxfordian formation but about 100 km distant from the SMB area). Hence, reactivity tests 
performed on samples from the Bure area are also representative of the SMB area [11]. Another study has been 
performed on tight carbonates present below the Callovo-Oxfordian formation (Comblanchien aquitard) with 
permeabilities around 1 μD. In this case, a dolomitization process is clearly observed, therefore increasing the 
porosity and potentially  the permeability. Dolomitization being linked to the circulation of magnesium-rich water 
during the geological history of the formation, it produces non-uniform spatial characteristics and is an important 
aspect to study in such formations.    
3.2. Permeability and capillary entry pressure 
Permeability is the most important parameter for characterizing a caprock. The measurement of permeability in 
the range of μD to nD  is not only time-consuming using standard techniques (steady-state techniques) but can also 
depend on the type of fluid used and is strongly dependent on the degree  of preservation of samples, especially 
when the clay content is high. A study of different methods for measuring permeability on the same samples [4] 
indicates that the permeability deduced from the measurements can vary by one order of magnitude. Although the 
natural variability of caprock formations may be much larger, measurement methodologies must be clarified.  
The capillary entry pressure or threshold is the minimum pressure difference between gas and water necessary for 
the gas to enter the porous media. In the laboratory, several methods are available: mercury injection capillary 
pressure (MICP), a standard characterization technique needing a complete drying of the sample, and direct flow 
tests using either nitrogen or CO2.  As an example, at different depths of the Comblanchien formation above the 
reservoir in the SMB field we can find low porosity and small to medium permeability values (0.01 up 10 μD, [4]). 
However, from mercury injection experiments and after interfacial tension corrections, the capillary entry pressure 
can be quite low (down to 0.4 bar), suggesting that a migration is likely to occur in some part of this formation 
which should be viewed as a transition between the storage itself and the clay-rich formation above. The measured 
entry pressure values were also comparable with values measured in the case of clay-rich marlstone samples with 
permeability in the range of 30 nD [15]. Hence, in the simulation presented later, we took a permeability of 1 μD 
and low capillary entry pressure to study the migration and reactivity of CO2.  In general in a field study, it may be 
difficult to obtain high enough entry pressure on all tested samples and a rigorous experimental proof of the sealing 
efficiency may be difficult to obtain. Therefore, the migration of CO2 into the caprock must be considered as a 
probable scenario. 
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3.3. Diffusion properties 
As mentioned above, a possible transport mechanism is molecular diffusion of dissolved CO2 in the pore water. 
Molecular diffusion is a slow transport process on the time scale of a storage site while injecting. However, due to 
the rapid migration of CO2 at the base of the caprock acting as a permeability barrier, long-term diffusion transport 
should be evaluated carefully.  Diffusion and permeability are distinct properties that do not depend upon the same 
petrophysical properties. The diffusion coefficient of dissolved CO2 is close to but not larger than the self-diffusion
coefficient of water in the porous medium and we take these values as an upper limit [6]. Based on the analogy 
between electrical and diffusion properties, and using the 1st Archie law, the pore diffusion Dp depends primarily on  
porosity ε (Dp=Dεm-1, where m is close to 2 and D is the molecular diffusion of water, Figure 2). Using standard 
diffusion equation, the dissolved CO2 concentration vertical profiles can be calculated as shown in Figure 2.  
     
Figure 2:  Pore water diffusivity for different values of cementation exponent m (left) and maximum vertical migration of dissolved CO2 by 
diffusion only for two values of porosity (right).    
4. Effect of CO2 at small scale 
4.1. Geochemical alteration 
The geochemical reactivity of caprock formations should be evaluated gradually, essentially in two steps: 
classical batch experiments on crushed or small pieces of rock samples to evaluate reaction paths and possibly the 
reaction kinetics, and flow tests on plugs to evaluate, among other important quantities, the porosity variations. In 
fact, the second type of experiment was never performed because of the very slow reactivity observed in batch 
experiments. Two types of formation were investigated: the Callovo-Oxfordian formation, containing the largest 
amount of clays using samples from the SMB field and the Bure area, and the Comblanchien formation, consisting 
essentially of tight carbonates with a very small amount of clays, above the Dogger formation. Two temperatures 
(80 and 150°C) were chosen in order (i) to represent a deep storage case and (ii) to accelerate the kinetics in order to 
maximize reactivity even if this high temperature may generate components that may not exist at a lower 
temperature. The pressure was set at 150 bar and the duration varied up to 6 months. Experiments were performed 
with supercritical CO2 present as a separate phase, and dissolved in water. In general, reaction trends are very 
difficult to identify at any temperature [11]. This is not to say that no reaction occurred but the complex natural 
mineralogical composition envelops all reactions. No new component is formed and no component originally 
present in the rock has disappeared. In other experiments on the same formation and using an image analysis 
technique [10], an illitization of the illite-smectite components was identified, as well as the formation of gypsum. 
But similarly, these reaction paths are very difficult to identify using standard bulk measurements such as X-ray 
diffraction (XRD). With such difficulties in identifying reaction paths, the reaction kinetics is obviously out of 
reach.  
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4.2. Modification of mechanical properties 
Despite the slow reactivity of minerals, the alteration of the pore structure by CO2 cannot be ruled out. For the 
study of mechanical properties after potential alteration, another approach was taken to modify the pore structure. 
Homogeneous (and efficient) alteration can be performed using a retarded acid solution [9]. It consists of injecting 
the acid solution at ambient temperature, and then activating this acid at 60°C. This procedure can be repeated 
several times in order to obtain different degrees of alteration. It represents an extreme alteration because of the low 
pH (between 3 and 4) and the number of alteration cycles (from 3 to 6). As a result, the porosity was modified 
uniformly by a few units, i.e. the final porosity after alteration increased from an initial 5 to about 7 %, for example. 
When considering only the samples from the Comblanchien formation in reference 9, a small decrease in both the 
shear modulus and drained bulk modulus were observed. Similarly, the failure points were not significantly 
modified by the alteration. However, because the alteration effects are of the same order of magnitude as the natural 
variability between samples, it is quite difficult to obtain any consistent trends.     
4.3. Modification of capillary entry pressure (wetting properties) 
The capillary entry pressure is defined as the CO2 entry (or displacement) pressure minus the brine pressure in 
the caprock. The assumption is often made that the capillary entry pressure into the brine-saturated caprock is 
proportional to the capillary entry pressure of an inert gas (such as N2) into the brine-saturated caprock, or to the 
mercury entry pressure into the dry rock. The proportionality coefficient is equal to the ratio of interfacial tensions 
between the non-wetting (CO2, N2 or mercury) and wetting (water, mercury vapor) fluids. Hence, possible 
wettability alteration effects are overlooked. A series of contact angle measurements has been undertaken to assess 
whether dense CO2 is able to alter the strongly water-wet behavior of typical caprock minerals, such as quartz, mica 
and calcite. The results show that the contact angles corresponding to the drainage process of interest (i.e., CO2
displacing water) were barely affected by an increase in CO2 pressure up to 14 MPa [8, 16]. Hence, even though all 
types of rock substrates have not been tested, it can be reasonably assumed that dense CO2 does not significantly 
alter the water-wettability of typical rock minerals, at least in the drainage process of CO2 displacing water. This is a 
rather important simplification because various data and simple measurements can be used with different fluid 
systems (air-brine, mercury, etc.) providing they are corrected for interfacial tension.   
5. Effect of CO2 at large scale 
5.1. Impact of over pressure on geomechanical properties
The main objectives are to predict the possibility of tensile fracturing and the shear slip reactivation of pre-
existing fractures. The difficulty of hydromechanical simulations is that all layers above and below the caprock and 
reservoir formations must be considered on a fairly large scale (typically 50 km). Therefore, there is an unavoidable 
simplification because most of the fine details are not known. In addition, the overpressure propagation is much 
larger than the CO2 front and therefore, two mechanisms with very different length scales (and hence mesh sizes) 
must be coupled. Since geomechanical and transport simulators are usually designed and run separately, the 
coupling is performed externally either by introducing the pore pressure history into the geomechanical simulator 
[e.g. 17], or by updating both simulations in terms of pressure at given time steps [13].  In the framework of this 
project, an injection into the Dogger aquifer was studied using different scenarios [13]. The rate of injection of CO2
is 10 Mt/y at a single location during the first ten years of simulations (such a rate is certainly an upper limit in 
practice). The reservoir permeability is about 90 mD with a high permeability layer (40 m) at 700 mD present at 
mid-height (total thickness 150 m). In these conditions, the maximum overpressure, defined as the difference 
between the initial and final average pore pressure, is a combined effect of gravity and injection pressure. It reaches 
a maximum of 34 bar vertically above the injection point at the reservoir caprock limit.  In these conditions, it can 
be shown that the caprock stays in compression, therefore preventing the tensile fracturing possibility. More 
important, the shear fracture reactivation criterion is never reached, even when using lower permeabilities.        
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Figure 3: Results of reactive transport simulations. The single-phase simulation indicates pure diffusive transport, and the two-phase case is a 
two-phase flow into the caprock after breakthrough. Permeability: 1 μD, pore diffusivity: Dp=10-11 m2/s. 
5.2. 1D modeling of CO2 migration into caprocks 
The purpose of these simulations is to quantify the space and time variation in the caprock properties when CO2
is migrating either by diffusion or by multiphase flow in the case of a breakthrough. For the sake of simplicity, only 
a 1D geometry was considered, representing a column of caprock in contact with the reservoir. Due to buoyancy 
effects, the plume is rapidly migrating upward around the injection point and reaches the caprock-reservoir interface 
quite rapidly (as seen in the previous paragraph). Hence, the simulated situation is a vertical column of caprock 
whose lower end is in contact with CO2. In a similar way, as studied by Gherardi et al. [18], reactive transport was 
simulated over long periods of time [14]. Several scenarios were considered; essentially: reactive diffusion of 
dissolved CO2 from the reservoir into the caprock, reactive two-phase flow and diffusion through the caprock. A 
clay-rich carbonate caprock is considered. A key result is shown in Figure 3, indicating the vertical changes in 
porosity at different times. A dissolution-precipitation front pattern is seen in both diffusion and two-phase flow 
cases. Dissolution is occurring in the first few decimeters of the caprock with an increase in porosity from an initial 
15 % up to about 16.5 %. Above, calcite precipitation is occurring with a much larger vertical extension in the case 
of two-phase flow. In the latter case, a constant overpressure is assumed throughout the simulation and therefore 
represents an extremely pessimistic situation. Despite a relatively high absolute permeability of 1 μD, the two-phase 
front has a vertical extension that does not exceed 10 m. In fact, the CO2 effective permeability is governed by 
relative permeability curves, and is in practice about two orders of magnitude smaller than the absolute permeability. 
This explains the relatively small vertical extension in the case of two-phase flow. From the geochemical point of 
view, the buffering capacity of the caprock is a key factor for limiting the effect of CO2 to small changes in porosity. 
We conclude that the migration of CO2 into the caprock is limited if the permeability is low enough, and that no 
major geochemical effect is occurring.           
6. Conclusion 
The primary criteria for the selection of a caprock formation for CO2 storage purposes are the thickness and 
permeability of the formation. An insufficient capillary entry pressure is not a criterion for rejecting a formation for 
storage purposes because the CO2 migration may be very limited in time and space. The various scenarios for 
estimating the extent of the migration can be studied using numerical simulations, even though some petrophysical 
and geochemical parameters may remain uncertain. On a large scale, caprock characterization requires at least 
seismic profiles to identify lateral continuity. When well-logging data are available, simple rules based on clay 
content can be used to estimate thicknesses, and lithoseismic interpretation, usually performed in reservoir zones, 
can be applied to caprocks. For the formation considered, the geochemical reactivity to CO2 was small for clay 
minerals, making the reaction path difficult to identify. Similarly, artificial alterations of samples representing 
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extreme situations had little impact on geomechanical properties. Finally, with realistic overpressure due to 
injection, shear fracture reactivation criteria are not reached and migration of CO2 either by diffusion or by two-
phase flow within the first meters of the caprock produce mostly a decrease in porosity by precipitation, and very 
locally an increase in porosity by dissolution.  
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